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ABSTRACT 

The e f f e c t s  o f  nuc l ea r  r a d i a t i o n  on rub id i um gas c e l l  f r e -  
quency standards and components a re  presented, i n c l u d i n g  
t h e  r e s u l t s  o f  r ecen t  t e s t s  where a con t i nuous l y  o p e r a t i n g  
r u b i  d i  urn f requency s tandard  (Ef ra tom,  Model M- 100) was sub- 
j e c t e d  t o  s imultaneous neutron/gamma r a d i a t i o n .  A t  t h e  
h i ghes t  neu t ron  f l uence  [7 .5  x lo1* n/cm2] and t o t a l  dose 
[11 k rad (S i  ) ]  t e s t e d ,  t h e  u n i t  operated s a t i s f a c t o r i l y ;  t h e  
t o t a l  f requency change over  t h e  2+ hour t e s t  p e r i o d  due t o  
a l l  causes, i n c l u d i n g  repeated r e t r a c t i o n  f rom and i n s e r t i o n  
i n t o  t h e  r e a c t o r ,  was l e s s  than  1 x 10 '~0.  The e f f e c t s  o f  
combined neutron/gamma r a d i a t i o n  on rub id ium-f requency-  
s tandard physics-package components were a l s o  s t ud ied ,  and 
t h e  r e s u l t s  a re  presented. 

I 
INTRODUCTION 

The use o f  a tomic  frequency s tandards i n  space d u r i n g  t h e  l a s t  decade and 
t h e  employment o f  these dev ices i n  a  growing number o f  m i l i t a r y  a p p l i c a -  
t i o n s  has r e s u l t e d  i n  c o n t i n u i n g  e f f o r t s  t o  assess and ensure t h e i r  oper-  
a t i o n  i n  nuc lea r  r a d i a t i o n  environments.  I n  t h i s  paper,  t h e  focus w i l l  
be on rub id i um gas c e l l  f requency s tandards i n  genera l ,  and t h e  Efratom, 
Model M-100, m i  1  i t a r y  r u b i d i  um frequency s tandard (RFS) i n  p a r t i c u l a r .  

This paper i s  d i v i d e d  i n t o  two main p a r t s .  The f i r s t  i s  a b r i e f  rev iew 
o f  p rev ious  u n c l a s s i f i e d  work i n  t h i s  area, i n c l u d i n g  t h e  e f f e c t  o f  t o t a l  
dose and dose r a t e  on an o p e r a t i n g  RFS and some o f  i t s  components. The 
second presents new r e s u l t s  t h a t  show t h e  e f f e c t s  of neut rons on an oper-  
a t i n g  RFS and c e r t a i n  RFS subsystems and components. These new r e s u l t s  
a r e  o f  s p e c i a l  i n t e r e s t  f o r  m i l i t a r y  a p p l i c a t i o n s  t h a t  r e q u i r e  t h e  use o f  
an RFS i n  a nuc lea r  r a d i a t i o n  environment.  
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PREVIOUS WORK 

Whereas the general principles that  govern the effects  of nuclear radiation 
on atomic frequency standards have been enumerated previously , l  no t  much 
has been published t h a t  deals with the d i r ec t ,  experimental assessrrlent of '  
these effects  for RFS's. Almost a l l  of the previous unclassified work was 
done by Rockwell International ( R I )  in conjunction with the NAVSTAR Global 
Positioning System (GPS)  . This system uses sate1 1 i te-borne atomi c clocks 
t o  provide military navigation of unprecedented accuracy. Most of the 
clocks used in th i s  system have been bui l t  by Rockwell. They are a 
space-qualified version of the Efratom Model FRK-H RFS and include an 
Efratom-supplied physics package. 

The f i r s t  radiation t e s t  2 9 3  of an  RFS by Rockwell was carried out in March 
1974. In th i s  t e s t ,  an unmodified, Efratom, Model F R K  commercial RFS was 
irradiated with a total  dose of 10 krad(Si) from a c~~~ gamma source a t  a 
constant ra te  over a one hour period while the unit was operating. This 
device, which was n o t  radiation hardened in any way, exhibited a fractional 
frequency change of +6 x 10-11 due t o  the i r radiat ion.  This frequency 
increase resulted from a change in the characteristics of the electronics 
in the servo loop. The fac t  t h a t  the RFS photocell current changed by less 
t h a n  1% during the i r radiat ion showed t h a t  the rubidium lamp, physics pac,k- 
age opt ics ,  and photocell were essent ial ly  unaffected by the radiation. 

A second t e s t 2  was carried out by Rockwell on an engineering model of the 
actual space clock (RFS)  t o  determine the e f fec t  of dose rate .  This unit 
was exposed to the maxi-mum dose rate  available from the RI f lash x-ray fac- 
i 1 i ty (%4 x 108 rads (Si) /sec)  , An upper 1 imi t of <I nsec was se t  on any 
accumulated phase error due to  th i s  dose ra te  and i t  was also observed that  
the radiation had a negligible e f fec t  on the physics package. 

Samples of glasses that  have been used in RFS's were a1 so tested by Rock- 
we1 1. I n  these tests4,5 a1 umi nosi 1 i cate6 and borosi 1 i cate7 glasses were 
irradiated with up  to  1 Mrad total  dose from a co60 source. Light trans- 
mission a t  the rubidium resonance-line wavelengths8 was monitored for  cumu- 
la t ive  doses of 30 krad, 100 krad, 300 k r a d ,  and 1 Mrad. The resul ts  for 
the three samples of each glass type and the two wavelengths9 are summa- 
rized in Fig. 1. A t  the highest dose of 1 Mrad, the decrease in l igh t  
transmission was 3.1% and 2.6% for  the aluminosilicate and borosilicate 
samples, respectively. 

PRESENT WORK 

The purpose of the present work was t o  assess experimentally the e f fec t  of 
neutron irradiation on an operating, Efratom, Model M-100, mili tary 
rubidium frequency standard ( R F S ) ,  and also on certain RFS subsystems and  
components. This worklo was carried out in two parts using the General 
Atomic, Mark F TRIGA reactor in San Diego. The f i r s t  part tested the com- 
plete RFS, and the second part tested RFS subsystem and components. The 
two t e s t s  were conducted one m o n t h  apart .  



I R R A D I A T I O N  OF OPERATING RFS 

The model M-100 RFS used f o r  these t e s t s  was an engineering model11 t h a t  
d i f f e red  from a  standard production unit  only i n  having a s l i g h t l y  modi- 
f i ed  frarne and thicker-than-norrnal PC boards. The unit  was operated con- 
t inuously during the  enti  r e  i r r a d i a t i o n  t e s t  and the  following var iables  
were a l so  monitored continuously: the  output frequency,12 the  dc output 
voltage of the  photocell ampl i f i e r ,  t h e  servo control voltage t o  the  vol- 
tage-control led c rys ta l  osci 11 a t o r  ( V C X O )  , and the  baseplate temperature 
(which varied frorn 42°C to  47°C during the t e s t ) .  

I r r ad ia t ion  Sequence 

The uni t  was i r r a d i a t e d  a t  four d i f f e r e n t  l eve l s .  The i r r a d i a t i o n  sequence 
f o r  each level  consisted of the  following four s t eps .  

1. Attach two dosimeters t o  the  s i d e  of the unit  receiving the  most 
radia t ion  and i n s e r t  the  unit  in to  the  reac tor  tube. 

2.  Let the  uni t  r u n  undisturbed, with the  reac tor  o f f ,  f o r  5 - 10 min. 

3. T u r n  on the  reac tor  a t  a  low power l e v e l ,  thereby providing a con- 
s t a n t  i r r a d i a t i o n ,  and maintain t h i s  f o r  approximately 5 min. 

4. T u r n  o f f  the  reac tor  and remove the  uni t  immediately. Remove the 
two dosimeters and allow the  unit  t o  run undisturbed f o r  a t  l e a s t  
5 min ( r e t r a c t i o n  per iod) .  

After  the f ina l  i r r a d i a t i o n  sequence, the  power t o  the  unit  was turned off  
f o r  approximately 5 rrlin ancl the  unit  r e s t a r t e d ,  a f t e r  which i t  was l e f t  
running f o r  45 mi n .  

The purpose of the  r e t r a c t i o n  operation was t o  minimize the  t o t a l  dose due 
t o  gamna radia t ion  t h a t  r e s u l t s  from the  shor t - l ived induced r a d i o a c t i v i t y  
of the  reac tor  coolant a f t e r  the  reac tor  i s  turned o f f .  In these  t e s t s  a l l  
neutron fluences were expressed in terms of the  1 MeV neutron fluence t h a t  
would produce the  same damage t o  a  s i l i c o n  sample as the  actual  neutron 
f l  uence, i . e ,  , a s  1 MeV-si 1  icon-damage-equivalent f l  uences. 13 

Test Results 

The t e s t  da ta  were taken over a four hour period t h a t  included a  90 n i i n  
warmup and a 45 min r e s t a r t  t e s t  a f t e r  completion of a l l  i r r a d i a t i o n .  Rel- 
evant portions of  these d a t a  have been compressed14 t o  f i t  on a s i n g l e  
8;  x  11 f igure  (see  Fig. 2 ) .  Based on the  t e s t  d a t a ,  the  following obser- 
vat ions can be made. 



1. The net change15 in f rac t ional  frequency due t o  a l l  causes [includ- 
ing inser t ion and r t rac t ion]  over a 24 hr p e r i o d i n c l u d i n g  i r rad-  
i a t i on  t o  7.5 x 101? n/cm2 and 11.2 krad(Si)]  was l e s s  than 
1 x 10-19. 

2. Frequency changes of from -2 x 10-11 t o  -5 x 10-11 were produced 
when the  uni t  was re t rac ted.  These frequency changes were most 
l ike ly  due t o  changes in the  o r ien ta t ion  of the uni t  r e l a t i ve  t o  the  
ambient magnetic f i e l d .  They were not a r e s u l t  of i r r ad i a t i ng  the  
uni t .  

3. Changes i n  f rac t iona l  frequency due t o  i r r ad i a t i on  by combined 
neutron/g ma radia t ion were only a couple of par ts  i n  1 0 ~ 1  f o r  up 
t o  3 x l oQy  n/cm2 and 4.4 krad(Si ) ( l eve l s  1 - 3) .  

4. Changes in f rac t ional  frequency during the l a s t  i r r ad i a t i on  s t ep  
[from 3 x lo1* t o  7 .5  x 1012 n/cm2, and from 4.4 t o  11 .2  krad(Si)]  
were l ess  than l x  10-10 except f o r  a slow (220 s )  negative frequency 
t rans ien t  of 21.5 x 10-lo t ha t  occurred during the l a t t e r  portion of 
the level 4 i r rad ia t ion .  

5. The dc photocurrent dropped d r a s t i c a l l y  due t o  i r r ad i a t i on  b u t  t h i s  
had only a small e f f ec t  upon the performance of the u n i t  as  a f re -  
quency standard. 

6. The short-term frequency s t a b i l i t y  of the uni t  was degraded by about 
a f a c to r  o f  two due t o  the  i r r ad i a t i on  ( l eve l s  1 - 4 ) .  

7. After the r e s t a r t  of the  u n i t ,  subsequent t o  the  level 4 i r rad ia -  
t i o n ,  the re t race  was within 2 x 10-11 of the frequency pr io r  t o  
turn off  (normal behavior). 

8. Over the 23 h r  duration of the  t e s t ,  the VCXO control voltage de- 
creased from 10 V t o  9V. For a free-running VCXO not locked t o  the  
atomic resonance, t h i s  would correspond t o  a f rac t ional  frequency 
change of approximately +83 x 10-8 which amounts t o  about one 
tenth  of the e l e c t r i c a l  trim range of the  ~ ~ ~ 0 . 1 6  

Decrease of dc Photocurrent 

The dc photocurrent was monitored i nd i r ec t l y  during these t e s t s  by observing 
the dc output voltage of the photocell amplif ier .  The photocell i s  operated 
in the shor t -c i rcu i t  mode and under normal conditions the dc output voltage 
of the photocell amplif ier  i s  proportional t o  the  dc photocurrent. Est i -  
mates lO~l7 of the change in t h i s  dc output due t o  radiation-induced changes 
i n  input o f f s e t s ,  bias voltage and cur ren t ,  show tha t  i t  i s  a small frac-  
t ion of a percent f o r  i r r ad i a t i on  by 1 x 1012 n/cm2 and 1.5 krad(Si)  . This 
means t ha t  the observed decreases in dc output voltage (ranging from 55% t o  
78%) are  due almost e n t i r e l y  t o  corresponding decreases i n  dc photocurrent;. 

A t  f i r s t  glance, two mechanisms fo r  t h i s  decrease in photocurrent appear 



poss ib l e .  The f i r s t  o f  these i s  a  decrease i n  t h e  i n t e n s i t y  o f  t h e  l i g h t  
i n c i d e n t  on t h e  p h o t o c e l l  su r face .  Th is  mechanism would a l s o  produce a  
l i g h t  s h i f t  i n  t h e  resonance c e l l .  Bench t e s t s  t o  s imu la te  t h i s  e f f e c t  i n -  
d i c a t e  t h a t  t h e  l i g h t  s h i f t  i s  an o r d e r  o f  magnitude l a r g e r  than  t h e  ob- 
served f requency changes and has t h e  oppos i t e  s i g n .  Th is  s t r o n g l y  suggests 
t h a t  changes i n  l i g h t  i n t e n s i t y  a re  n o t  r espons ib l e  f o r  t h e  observed de- 
creases i n  dc pho tocur ren t .  The i r r a d i a t i o n  t e s t s  subsequent ly  c a r r i e d  o u t  
on RFS subsystems and components (as w i l l  be shown) a l s o  suppor t  h i s  con- 
c l u s i o n .  The o n l y  mechanism l e f t  i s  p h o t o c e l l  degradat ion.  Datar8 on 
p h o t o c e l l  degrada t ion  due t o  n u c l e a r  r a d i a t i o n  show t h a t  f o r  t h e  i r r a d i a -  
t i o n  l e v e l s  used here,  gamma r a d i a t i o n  has l i t t l e  e f f e c t  bu t  neut rons can 
produce l a r g e  decreases i n  pho tocu r ren t  o f  t h e  magnitude observed. As w i l l  
be d iscussed l a t e r  i n  t h i s  paper,  d i r e c t  t e s t s  on RFS p h o t o c e l l s  show 
c l e a r l y  t h a t  cons iderab le  degrada t ion  does, i n  f a c t ,  occur .  

The main e f f e c t  o f  p h o t o c e l l  degrada t ion  i s  a  d e t e r i o r a t i o n  o f  t h e  shor t -  
t e rm  frequency s t a b i  1 i t y .  Exper imenta l  l y ,  a decrease o f  a f a c t o r  o f  two 
was observed and t h i s  i s  c o n s i s t e n t  w i t h  bench t e s t  s imu la t i ons  o f  t h e  
e f f e c t .  

IRRADIATION OF SUBSYSTEMS AND COMPONENTS 

A month a f t e r  t h e  i r r a d i a t i o n  o f  t h e  complete Model M-100 RFS, a second 
nuc lea r  i r r a d i a t i o n  t e s t  on c e r t a i n  subsystems and components (see Table 1) 
was c a r r i e d  o u t  us i ng  t h e  same r e a c t o r  under ve r y  s i m i l a r  c o n d i t i o n s .  

SUBSYSTEM IRRADIATION 

The two subsystems i r r a d i a t e d  were independent and n e a r l y  i d e n t i c a l  , each 
be ing  compri sed o f  t h e  f o l  l o w i  ng M-100 subassemblies ( F i g .  3 ) .  

1. P h o t o c e l l - c a v i t y - s h i e l d  assembly, i n c l u d i n g  c a v i t y - t h e r m o s t a t  board.  

2. Lamp board and rub id i um lamp 

3. Power-supply board. 

I tems 2 and 3 were s tandard,  unmodi f ied,  p roduc t i on  i tems.  I t e m  1 was a l s o  
a  s tandard  p roduc t i on  i t e m  except  t h a t  t h e  r ub id i um resonance c e l l  and t h e  
My la r  window on t h e  c a v i t y  had been removed t o  a l l o w  a comp le te ly  unob- 
s t r u c t e d  o p t i c a l  p a t h  f rom o u t s i d e  t h e  assembly d i r e c t l y  t o  t h e  a c t i v e  su r -  
face  o f  t h e  p h o t o c e l l  i n s i d e  t h e  microwave c a v i t y .  Both c a v i t i e s  were 
heated i n  t h e  normal way, t h e i r  temperatures be ing  i n d i v i d u a l l y  thermo- 
s t a t i c a l l y  c o n t r o l l e d  and con t i nuous l y  ma in ta ined  a t  7 5 O C .  The two assem- 
b l i e s  d i f f e r e d  o n l y  i n  t h a t  t h e  p h o t o c e l l s  were f rom d i f f e r e n t  manufac- 
t u r e r s  (Tab le  1). 

I tems 1 and 2 o f  each subsystem were mounted i n  t h e  s tandard M-100 c o n f i g -  
u r a t i o n  the reby  a l l o w i n g  l i g h t  from each lamp board t o  be mon i to red  by i t s  



r e s p e c t i v e  p h o t o c e l l .  Both subsystem frames were r i g i d l y  b o l t e d  t oge the r  
so t h a t  t h e  e n t i r e  dual-subsystem u n i t  cou ld  be e a s i l y  i n s e r t e d  i n t o  the 
nuc lea r  r e a c t o r  f o r  i r r a d i a t i o n .  A lso  i nc l uded  as p a r t  o f  t h i s  " inboard  
t e s t  f i x t u r e "  was a s tandard M-100 servo board t h a t  was used t o  mon i t o r  t h e  
dc pho tocur ren t  of  p h o t o c e l l  #2 (PC2).  

I r r a d i a t i o n  Sequence 

L i k e  t h e  p rev ious  t e s t  on t h e  complete M-100, t h e  two subsystems were i r r a -  
d i a t e d  a t  f o u r  d i f f e r e n t  l e v e l s .  The i r r a d i a t i o n  sequence, which was sim- 
i l a r ,  was as f o l l ows .  

1. A t t ach  two dosimeters on t h e  s i d e  o f  t h e  u n i t  r e c e i v i n g  t h e  most 
r a d i a t i o n  and one dos imeter  on t he  oppos i t e  s i de .  I n s e r t  t h e  u n i t  
i n t o  t h e  r e a c t o r .  

2. L e t  t h e  u n i t  r u n  und is tu rbed ,  w i t h  t h e  r e a c t o r  o f f ,  f o r  5 - 10 min. 

3. Turn on t he  r e a c t o r  a t  a low power l e v e l ,  the reby  p r o v i d i n g  a  con- 
s t a n t  i r r a d i a t i o n ,  and ma in ta i n  t h i s  f o r  approx imate ly  5 min. 

4. Turn o f f  t h e  r e a c t o r  and remove t h e  u n i t  immediately.  Remove t h e  
t h r e e  dosimeters and a l l o w  t h e  u n i t  t o  r u n  und is tu rbed  f o r  a t  l e a s t  
5 min, 

Outboard Pho toce l l  Tes t  F i x t u r e  

Each frame was designed t o  a l l o w  i t s  r e s p e c t i v e  p h o t o c e l l - c a v i t y - s h i e l d  as- 
sembly t o  be e a s i l y  removed and then  subsequent ly r e i n s e r t e d  i n t o  t h e  same 
p o s i t i o n  r e l a t i v e  t o  t h e  lamp board. P r i o r  t o  r e a c t o r  i n s e r t i o n ,  each 
p h o t o c e l l - c a v i t y - s h i e l d  assembly was removed one-at-a-t ime and i n s e r t e d  
i n t o  another  t e s t  f i x t u r e  t h a t  remained permanent ly o u t s i d e  t h e  r e a c t o r  
d u r i n g  t h e  e n t i r e  t e s t  per iod .  I n  what f o l l o w s ,  t h i s  t e s t  f i x t u r e  w i l l  be 
r e f e r r e d  t o  as t h e  "outboard p h o t o c e l l  t e s t  f i x t u r e . "  Th i s  f i x t u r e ,  which 
i s  shown schema t i ca l l y  i n  F ig .  4, cons i s ted  o f  an M-100 lamp board w i t h  
r ub id i um lamp, an M-100 servo board, and an M-100 power supp ly  board. The 
main purpose o f  t h i s  f i x t u r e  was t o  p rov ide  a  s t a b l e  source o f  o p t i c a l  
r a d i a t i o n  f o r  t e s t i n g  each o f  t h e  two inboard  p h o t o c e l l s  be fo re  and a f t e r  
each i r r a d i a t i o n  l e v e l .  S ince t h e  lamp board, lamp, and power supp ly  board 
i n  t h i s  f i x t u r e  were n o t  i r r a d i a t e d ,  they  could be r e l i e d  upon t o  p rov ide  
cons tan t  i l l u m i n a t i o n  f o r  t h e  d u r a t i o n  o f  t h e  t e s t .  

The outboard p h o t o c e l l  t e s t  f i x t u r e  had two impo r tan t  m o d i f i c a t i o n s  t h a t  
g r e a t l y  inc reased  i t s  v e r s a t i l i t y .  The f i r s t  m o d i f i c a t i o n  a1 lowed s i nuso i -  
d a l  modu la t ion  o f  t h e  l i g h t  beam a t  t h e  RFS modu la t ion  f requency (127 Hz)  
us i ng  t h e  modu la t ion  s i g n a l  f rom t h e  servo board. The ampl i tude  o f  t h i s  
modu la t ion  was kep t  smal l  compared t o  t h e  dc l i g h t  l e v e l  so t h a t  t h e  dc 
measurements were una f f ec ted  by i t . The purpose o f  t h e  modu la t ion  was t o  
a l l o w  de te rm ina t i on  o f  t h e  e f f ec t  o f  t h e  i r r a d i a t i o n  on t h e  ac responze of  
t h e  two p h o t o c e l l s .  The second m o d i f i c a t i o n  a l lowed t h e  p h o t o c e l l  Thevenin 



e q u i v a l e n t  shunt r es i s t ance19  (R5) t o  be measured20,21 by i n s e r t i o n  o f  a 
100 R r e s i s t o r  i n  s e r i e s  w i t h  t h e  p h o t o c e l l .  The shunt  r e s i s t a n c e  i s  an 
impo r tan t  h o t o c e l l  parameter i n  o u r  a p p l i c a t i o n  because i t s  va l ue  l a r g e l y  E determines 0 t h e  amount o f  p h o t o c e l l - a m p l i f i e r  a d d i t i v e  no i se  i n  t h e  v i c i n -  
i t y  o f  t h e  RFS modu la t ion  f requency which,  i n  t u r n ,  i n f l u e n c e s  t h e  s h o r t -  
te rm f requency s t a b i l i t y  o f  t h e  RFS. The shunt  r e s i s t a n c e  must be 1 kfi 
o r  g r e a t e r  f o r  s a t i s f a c t o r y  o p e r a t i o n  o f  t h e  M-100. 

I n  summary, then ,  t h e  f o l l o w i n g  p h o t o c e l l  v a r i a b l e s  cou ld  be rnoni t o r e d  
us i ng  t h e  outboard p h o t o c e l l  t e s t  f i x t u r e :  dc pho tocu r ren t ,  ac pho tocur ren t  
a t  127 Hz, and shunt  r es i s t ance ,  a l l  under c o n d i t i o n s  o f  cons tan t  i l l u m i n a -  
t i o n .  

Measurement Sequence 

P r i o r  t o  l e v e l  1 i r r a d i a t i o n ,  t h e  outboard p h o t o c e l l  t e s t  f i x t u r e  was used 
t o  c h a r a c t e r i z e  bo th  p h o t o c e l l s  by measuring t h e  dc pho tocu r ren t ,  t h e  ac 
pho tocu r ren t  ,22 and t h e  shunt  r e s i s t a n c e  f o r  each. 23  Each p h o t o c e l l  was 
subsequent ly  c h a r a c t e r i z e d  again  between i r r a d i a t i o n  l e v e l s  and a t  t h e  end 
o f  l e v e l  4. 

Dur ing  t h e  t ime  t h a t  t h e  p h o t o c e l l s  were i n s e r t e d  i n  t h e  r e a c t o r ,  t h e  dc 
pho tocu r ren t  o f  each was mon i to red  con t i nuous l y .  The c u r r e n t  o f  photo- 
c e l l  #1 ( P C 1 )  was mon i to red  us i ng  t h e  p h o t o c e l l  a m p l i f i e r  on t h e  outboard- 
p h o t o c e l l - t e s t - f i  x t u r e  servo board,  and t h e  c u r r e n t  o f  p h o t o c e l l  #2  ( P C 2 )  
us i ng  t h e  p h o t o c e l l  a m p l i f i e r  on t h e  i nboa rd  servo board. 

ti Test  Resu l t s  

Dc Pho tocur ren t  The i nboa rd  and outboard measurements o f  dc pho tocu r ren t  
f o r  t h e  two p h o t o c e l l s  a r e  l i s t e d  i n  Table 2 and t h e  outboard r e s u l t s  (con- 
s t a n t  i l l u m i n a t i o n )  a r e  p l o t t e d  i n  F ig .  5 as a  f u n c t i o n  o f  neu t ron  f l uence  
and t o t a l  dose (as measured by t h e  two dosimeters on t h e  s i d e  of t h e  u n i t  
r e c e i v i n g  t h e  most r a d i a t i o n ) .  For the h ighes t  cumu la t i ve  i r r a d i a t i o n  t e s t -  
ed, namely 6.15 x  1012 n/cm2, t h e  dc pho tocur ren ts  o f  bo th  p h o t o c e l l s  drop- 
ped t o  approx imate ly  40% o f  t h e  p r e - i r r a d i a t i o n  va lues.  Both p h o t o c e l l s  
e x h i b i t e d  s im i  1  a r  dc pho tocur ren t  degradat ion.  

Ac Pho tocur ren t  The dc and ac pho tocur ren ts  a re  compared i n  Table  3 where 
i t  can be seen t h a t  t h e  ac pho tocur ren t  i s  degraded t o  a  g r e a t e r  e x t e n t  than  
t h e  dc pho tocur ren t .22  Note t h a t  a t  t h e  h i ghes t  f l uence  o f  6.15 x  1012n/crn2 
t h e  norma l i zed  ac pho tocur ren ts  were about 702 o f  t he  normal ized dc photo- 
c u r r e n t s .  

Shunt Res is tance F ig .  6 shows t h e  r e s u l t s  f o r  p h o t o c e l l  shunt r e s i s t a n c e  
as a  f u n c t i o n  o f  neu t ron  f l uence  and t o a l  dose. The F e r r a n t i  p h o t o c e l l  
(PC1) shunt r e s i s t a n c e  inc reased  s l o w l y  w i t h  cumu la t i ve  neu t ron  f l  uence and 
t o t a l  dose. The i nc rease  was f rom an i n i t i a l  va lue  o f  about 2 kR t o  a  f i n a l  



e n d - o f - t e s t  va lue  o f  about 3 kR. The I n t e r n a t i o n a l  R e c t i f i e r  p h o t o c e l l  
( P C 2 )  showed a  d i f f e r e n t  behav ior .  I t s  shunt r e s i s t a n c e  inc reased  s l i g h t l y  
a t  f i r s t ,  s t a r t i n g  a t  11 kfi,  and t h e r e a f t e r  decreased, r each ing  an end-of-  
t e s t  va lue  o f  about 6.5 kR. I n  no i ns tance  d i d  t h e  shunt  r e s i s t a n c e  f o r  
e i t h e r  p h o t o c e l l  drop below 2  kR as a  r e s u l t  o f  i r r a d i a t i o n .  S ince t h e  
requi rement  f o r  s a t i s f a c t o r y  RFS o p e r a t i o n  i s  1 kR o r  g r e a t e r ,  t h e  e f f ec t  
o f  t h e  r a d i a t i o n  on shunt  r e s i s t a n c e  i s  o f  no p r a c t i c a l  impor tance f o r  t h e  
M-100. 

Rubi d i  urn L i  gh t  Source 

The t e s t  r e s u l t s  i n  Table  2 a l s o  show t h a t  t h e  M-100 rub id i um l i g h t  source 
(lamp board and lamp) i s  v i r t u a l l y  una f fec ted  by t h e  r a d i a t i o n  even a t  t h e  
h i g h e s t  l e v e l  of 6.2 x 1012 n/cm2 and 9.2 k r a d ( S i ) .  T h i s  f o l l o w s  f rom t h e  
c l ose  t r a c k i n g  o f  t h e  i nboa rd  and ou tboard  va lues  f o r  b o t h  p h o t o c e l l s .  The 
t r a c k i n g  i s  n o t  p e r f e c t  b u t  t h e  d i f fe rences  (up t o  severa l  pe r cen t )  t h a t  do 
e x i s t  can p robab ly  be a t t r i b u t e d  t o  smal l  misa l ignments  i n  t h e  r e l a t i v e  pos- 
i t i o n s  o f  t h e  p h o t o c e l l  assembl ies and the lamp boards f rom measurement t o  
measurement. (The p o s i t i o n i n g  mechanisms d i d  have some " s l o p "  i n  them and 
examinat ion o f  t h e  i nsert ion/remo,val  processes24 shows t h a t  such m i  s a l  i g n -  
" e r r o r s "  cou ld  have occurred.  ) 

I f  smal l  l i g h t  i n t e n s i t y  changes of  a few pe rcen t  are o c c u r r i n g ,  t h e r e  a re  
seve ra l  p o s s i b l e  mechanisms t h a t  m igh t  be respons ib l e .  For example, r a d i a -  
t i on - i nduced  o f f s e t s  i n  t h e  lamp- thermostat  op amp can, i n  p r i n c i p l e ,  p ro -  
duce changes i n  lamp temperature.  A c a l c u l a t i o n  o f  t h e  s i z e  o f  t h i s  e f f e c t  
f o r  1 x 1012 n/cm2 and 1.5 k rad  ( S i )  p r e d i c t s  a  temperature change o f  0.02"C 
o r  l ess .  S ince a  1 ° C  i n c rease  i n  lamp temperature i s  r e q u i r e d  t o  produce a 
%7% i n c rease  i n  l i g h t  i n t e n s i t y ,  t h i s  e f f e c t  i s  expected t o  be i n s i g n i f i -  
can t .  

Changes i n  l i g h t  i n t e n s i t y  due t o  e f f e c t s  o f  n u c l e a r  r a d i a t i o n  on t h e  lamp 
o s c i  11 a t o r  c i r c u i t r y  a re  a1 so expected t o  be smal l  b u t  p r e c i s e  c a l c u l a t i o n s  
a re  n o t  p o s s i b l e  i n  t h i s  case because o f  a  l a c k  o f  knowledge as t o  how c r i t -  
i c a l  parameters (such as base-emi t t e r  impedance) are a l t e r e d  and how the 
amount and f requency o f  t h e  rf power d e l i v e r e d  t o  t h e  lamp a f f e c t  t h e  l i g h t  
ou tpu t .  I n  any even t ,  i t  i s  c l e a r  f rom t h e  exper imenta l  r e s u l t s  t h a t  any 
changes i n  l i g h t  i n t e n s i t y  t h a t  do occur ,  do n o t  exceed severa l  pe rcen t  a t  
most. 

COMPONENT I R R A D I A T I O N  

The o p t i c a l  m a t e r i a l s  l i s t e d  as S 1  th rough  S5 i n  Table 1 were a l s o  i r r a d i a t -  
ed t o  determine t h e  e f f e c t s  of s imul taneous neutron/gamma r a d i a t i o n  on t h e i r  
l i g h t  t r ansm i t t ance .  These a re  m a t e r i a l s  t h a t  a re  used i n  t h e  l i g h t  path!; 
o f  E f ra tom's  RFS's. 



Transparency Tes t  F i x t u r e  

The t ransparency t e s t  f i x t u r e  i s  shown i n  F ig .  7 .  Th is  f i x t u r e  con ta i ns  an 
RFS r ub id i um lamp board and lamp which produces rub id i um l i g h t .  The r u b i d -  
ium l i g h t  i s  i n c i d e n t  upon an i n t e r f e r e n c e  f i l t e r  which passes rub id i um D l  
resonance l i g h t  (794.8 nm). The Dl l i g h t  i s  de tec ted  by a  p h o t o c e l l  mounted 
approx imate ly  5/8" below t h e  f i l t e r .  Sample t ransparency i s  determined by 
i n s e r t i n g  t h e  sample i n t o  t h e  l i g h t  beam and measur ing t h e  amount o f  t r a n s -  
m i t t e d  l i g h t .  

The g lass  samples used were i n  t h e  form o f  g l ass  tubes,25 nom ina l l y  2 "  l ong .  
To measure t h e  l i g h t  a t t e n u a t i o n  produced by a g lass  tube,  i t  was p o s i t i o n e d  
as shown i n  F ig .  7, i n t e r c e p t i n g  a l l  o f  t h e  Dl l i g h t  i n c i d e n t  upon t h e  pho- 
t o c e l l .  The mica and My1 a r  samples were i n  t h e  form o f  t h i n  d i s k s  (see 
Table  1) approx imate ly  5/8" i n  d iameter .  These d i sks  were g lued t o  a  f l a t  
aluminum p l a t e ,  c o n c e n t r i c  w i t h  a  112" ho le  th rough  t h e  p l a t e ,  as shown i n  
F ig .  8. To measure l i g h t  a t t enua t i on ,  t h e  p l a t e  was i n s e r t e d  i n t o  t h e  Sam- 
p l e  ho lde r  s l o t  shown i n  F ig .  7 ( w i t h  t h e  g lass  tube removed). I n  t h i s  
c o n f i g u r a t i o n ,  D l  l i g h t  cou ld  reach t h e  p h o t o c e l l  o n l y  by pass ing  th rough  
t h e  sample. 

The mica and My la r  samples cou ld  be p o s i t i o n e d  q u i t e  p r e c i s e l y  i n  t h e  t e s t  
f i x t u r e  and, i n  a d d i t i o n ,  t hey  were of  un i f o rm  th i ckness  w i t h o u t  any obv ious 
o p t i c a l  d i s t o r t i o n .  Th i s  was n o t  t h e  case f o r  t h e  g lass  samples, each o f  
which had s l i g h t  i r r e g u l a r i t i e s  t h a t  a f f e c t e d  t h e  l i g h t  t r ansm iss i on  due t o  
smal l  v a r i a t i o n s  i n  r e f l e c t i o n  and r e f r a c t i o n  as t h e  tube  was r o t a t e d  about 
i t s  own a x i s  i n  t h e  t e s t  f i x t u r e .  To avo id  these changes i n  t r a n s m i t t e d  
l i g h t  due t o  t h i s  extraneous e f f ec t ,  ca re  was taken  d u r i n g  t h e  t e s t s  t o  
o r i e n t  each g lass  tube  i n  t h e  same way each t ime  i t  was i n s e r t e d  i n t o  t h e  
t ransparency  t e s t  f i x t u r e ,  Th i s  p recau t i on  reduced these e f f e c t s  t o  an i n -  
s i g n i f i c a n t  l e v e l .  (They w e r e n ' t  ve r y  l a r g e  anyhow.) I n  a d d i t i o n ,  f o r  each 
g lass  sample t es ted ,  a  n e a r l y  i d e n t i c a l  c o n t r o l  was used as a  re fe rence .  
The sample was i r r a d i a t e d  i n  t h e  r e a c t o r ,  t h e  c o n t r o l  was no t .  

81 Measurement Procedure 

P r i o r  t o  l e v e l  1 i r r a d i a t i o n  t h e  l i g h t  t r ansm iss i on  of  each sample and con- 
t r o l  was measured i n  t h e  t ransparency  t e s t  f i x t u r e .  The samples, S 1  - 55, 
were t h e n  p laced  behind t h e  inboard  t e s t  f i x t u r e  on t h e  c a r r i a g e  t h a t  was 
used t o  t r a n s p o r t  t h e  t e s t  f i x t u r e  t o  t h e  r e a c t o r  core.  The samples r e -  
mained a t  t h i s  l o c a t i o n  on t h e  c a r r i a g e  u n t i l  a l l  i r r a d i a t i o n  was complete 
( l e v e l s  1 - 4) .  They were then  removed and t h e i r  l i g h t  t ransmiss ion ,  a l ong  
w i t h  t h a t  o f  the  c o n t r o l s ,  was measured aga in  i n  t h e  t ransparency  t e s t  f i x -  
t u r e  t o  determine t h e  e f f e c t ,  i f  any, o f  t h e  r a d i a t i o n .  

Dos imetry  

The dos imeters  on t h e  r e a r  o f  t h e  i nboa rd  t e s t  f i x t u r e  (one f o r  each l e v e l )  
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were used t o  determine the cumulative neutron fluence t o  the optical sam- 
ples. This amounted t o  2 . 7  x 1012 r1/cm2, compared t o  the corresponding 
figure for the front of the inboard t e s t  f ixture  of 6.2 x 1012 n/cm2 
(plus 9.2 krad(Si) total  dose, 9 8 h f  which i s  due t o  gamma radiat ion) .  
The difference in these neutron fluences can be attributed mostly to  scat-  
tering of the incident neutrons by the t e s t  f ixture .  Since the gamma ra-, 
diation i s  attenuated very l i t t l e  by the t e s t  f ix ture ,  the cumulative gamma 
dose to  the glass i s  expected t o  be %9 krad(Si). 

Test Results 

The transparency t e s t  f ixture  was observed to  be stable t o  a few tenths of 
a percent over the more than three hour duration o f  the optical sample t e s t .  
I t  i s  therefore expected that  changes in sample l ight  transmission of $17: 
could have been detected. The observed changes in l ight  transmission for 
a l l  samples and controls ( a f t e r  vs. before, and  sample vs. control both 
before and a f t e r )  were of the order of a few tenths of a percent with the 
exception of the Schott 8436 glass where the a f t e r  vs. before readings for  
the transmitted l ight  were -1 .2% and -1.0% for the sample and control,  re- 
spectively. The fac t  t h a t  b o t h  sample and control showed nearly identical 
1% decreases i s  most l ikely due t o  a short-term fluctuation in the t e s t  
apparatus rather t h a n  to  any change in sample or control transparency. I t  
i s  therefore reasonable to  conclude t h a t ,  t o  within the experimental uncer- 
ta inty of several tenths of a percent, no radiation-induced transparency 
changes occurred for any of the optical materials tested. 

1 SYNTHESIS OF RESULTS 

In the t e s t s  carried o u t  on the complete Model M-100 RFS, i t  was concludt?d 
t h a t  the decrease in the dc photocurrent due t o  irradiation was due almost 
ent i rely t o  photocell degradation. This conclusion i s  supported by the re- 
su l t s  of RFS subsystems and components, namely, the constancy of the l ight  
output from the lamp board during i r rad ia t ion ,  the absence of any radia- 
tion-induced changes in the transparency of the optical materials ,26 a n d ,  
of course, the degradation of the two photocells tested. 

Photocell Degradation 

The dc photocurrent of the complete RFS tested i s  plotted against neutron 
fluence in F i g .  5 assuming tha t  the illumination of the photocell remained 
constant during the t e s t  (a  good assumption, as pointed out above). The 
photocell used in th i s  unit was neither an IR nor a Ferranti photocell b u t  
rather one manufactured by Silicon Sensors, Inc.. Consequently, the s ig-  I 

I 

nificance of Fig. 5 i s  t h a t  there are considerable variations in photocell 
degradation from one manufacturer t o  the next. For the three curves shown, 
the maxlmin variation ranges from 1 . 5  a t  6.5 x 1011 n/cm2 t o  2.0 a t  
6.5 x 1012 n/cm2. I t  i s  highly significant that  for the worst degradation 
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shown, the complete M-100 s t i  11 operated s a t i s f ac to r i  l . ~ . ~ 7  

EXTRAPOLATION TO H I G H E R  RADIATION LEVELS 

The r e su l t s  obtained in the two par ts  of t h i s  investigation are  based on 
neutron i r rad ia t ion  u p  t o  7 . 5  x 1012 n/cm2 and 6 .2  x 1012 n/cm2, respec- 
t ive ly .  Since data points were a l so  taken a t  lower f luences,  a s t r a i gh t -  
forward extrapolat ion t o  a t  l e a s t  1 x 1013 n/cm2 i s  possible f o r  cer ta in  
portions of the RFS. 

Transparency of Optical Components The o p t i c a l  materials tes ted  received a 
maximum fluence of 2.7 x 1012 n/cm2 which i s  estimated from the f ron t / r e a r  
dosimetry data t o  correspond t o  a fluence o f  5 x lo1* njcm* t o  a complete 
RFS. A t  t h i s  level of i r r ad i a t i on ,  no change in transparency was observed 
and the experimental uncertainty s e t s  an upper 1 imi t on changes in 1 ight  
transmission of a few tenths  of a percent. I t  therefore seems unlikely 
t h a t  a fluence of 1 x 1013 n/cm2 to  an RFS wil l  produce s ign i f i can t  dark- 
ening of any of the opt ica l  materials .  Independent data on the e f f ec t s  of 
neutron fluences of 1 x 1013 n/cm2 and greater  f o r  glass and mica a l so  sup- 
port t h i s  view.28 

As regards the glass alone,  there  i s  addit ional  d i r ec t  evidence t ha t  i t  can 
withstand neutron i r rad ia t ion  in excess of 1015 n/cm2. During the Rockwell 
Efratom rubidium lamp invest igat ion fo r  the Global Positioning System 
(GPS)  ,29 in which one of us ( T . C . E . )  was d i r ec t l y  involved, a number o f  
rubidium lamps were neutron activated as par t  o f  a program t o  determine the 
quanti ty of rubidium in rubidium lamps. The f i r s t  s t ep  in the act ivat ion 
process i s  t o  i r r a d i a t e  the f i l l e d  lamp ( l e s s  base) with neutrons. This 
was done in the General Atomic TRIGA, Mark I reactor30 in San Diego. Lamps 
were typ ica l ly  i r rad ia ted  simultaneously with a ~2 x 1015 n/cm2 of 1 MeV- 
equivalent neutrons a n d  27 Mrad gamma to t a l  dose.1° The i r rad ia ted  lamps 
were made of Corning 1720 glass and Schott 8437. Schott 8437 i s  very sim- 
i l a r  t o  the Schott 8436 glass t h a t  Efratom presently uses in a l l  i t s  RFS 
lamps (both are  a1 kal i - r e s i s t an t  borosil i c a t e  g l a s se s ) .  

Several o f  the i r rad ia ted  lamps were used i n  Rockwell/Efratom GPS rubidium 
clocks t ha t  are  in GPS s a t e l l i t e s  presently orbi t ing the ea r th .  The glass 
of these lamps had a s l i g h t  yellowish cas t  a f t e r  i r rad ia t ion  b u t  there  were 
no indications during acceptance t e s t i ng  t h a t  they performed in any way 
t ha t  was d i f fe ren t  from an unirradiated 

Photocell Degradation Extrapolation of the normalized dc photocurrent f o r  
the  IR photocell t o  1 x 1013 n/crn2 using Fig. 5 gives a value of ~ 4 0 % .  
~ssuming tha t  the normal ized ac response is-%60%-of the normal ized dc res-  
ponse gives a normalized ac response of ~ 2 5 %  a t  1 x 1013 n/cm2. This i s  
low but nevertheless adequate since the complete M-100 tes ted  showed s a t i s -  

! fac tory  operation f o r  about a fac to r  of two lower value a t  7.5 x 1012 n/cm2 
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us ing  t h e  S i l i c o n  Sensors p h o t o c e l l  .27 

E l e c t r o n i c s  The hardness of  t h e  e l e c t r o n i c s  a t  1 x 1013 cannot be ex t rap -  
o l a t e d  f rom ou r  r e s u l t s  and w i l l  r e q u i r e  an a d d i t i o n a l  hardness assessment 
a t  t h i s  l e v e l .  

SUMMARY AND CONCLUSIONS 

Seperate t e s t s  were conducted on an Efratom, Model M-100, m i l i t a r y ,  r a d i a -  
t ion-hardened, r ub id i um frequency s tandard (RFS), and on c e r t a i n  RFS sub- 
systems and components by s u b j e c t i n g  them t o  combined neutron/gamma r a d i a -  
t i o n  f rom a nuc lea r  r eac to r .  The r e s u l t s  o f  these t e s t s  a l l o w  t h e  f o l l o w -  
i n g  conc lus ions t o  be drawn. 

Complete RFS 

1. The Model M-100 RFS, which was operated con t i nuous l y  d u r i n g  t h e  t e s t ,  
performed s a t i s f a c t o r i l  up t o  and i n c l u d i n g  t h e  h i ghes t  r a d i a t i o n  I l e v e l s  t e s t e d  [ 7 . 5  x 10 2  n/cm2 and 11 k rad (S i ) ] .  Over t h e  24 h r  
d u r a t i o n  of  t h e  t e s t ,  t h e  o v e r a l l  frequency change due t o  a l l  causes 
( i n c l u d i n g  i n s e r t i o n  i n t o  and r e t r a c t i o n  f rom t h e  r e a c t o r )  was l e s s  
than  1 x 10-10. 

As a  r e s u l t  o f  i r r a d i a t i o n  o f  t h e  u n i t  a t  t h e  h i ghes t  l e v e l ,  t h e  
sho r t - t e rm  f requency s t a b i l i t y  decreased by about a f a c t o r  o f  two. 
The t e s t s  conducted show t h a t  t h i s  decrease was due t o  a degrada t ion  
o f  t h e  performance of t h e  p h o t o c e l l  i n  t h e  u n i t .  Th is  r e s u l t  i s  of 
p a r t i c u l a r  s i g n i f i c a n c e  s i n c e  t h e  p h o t o c e l l  used i n  t h i s  u n i t  showed 
t h e  g r e a t e s t  degrada t ion  of t h e  t h r e e  p h o t o c e l l s  i r r a d i a t e d .  I n  t h e  
fu ture,use o f  e i t h e r  F e r r a n t i  o r  I R  p h o t o c e l l s  should r e s u l t  i n  t h e  
u n i t  meet ing i t s  o r i g i n a l  sho r t - t e rm  s t a b i l i t y  spec even a f t e r  ir- 
r a d i a t i o n  t o  7.5 x 1012 n/cm2 and 11 krad(S i  ) .32 

3. The f r ee - runn ing  VCXO frequency (had t h e  VCXO n o t  been l ocked  t o  t h e  
atomic resonance) was s h i f t e d  by o n l y  about one t e n t h  o f  i t s  e l e c t r i -  
ca l  t r i m  range due t o  t h e  i r r a d i a t i o n .  For t h i s  reason t h e r e  i s  no 
danger o f  t h e  c o n t r o l  v o l t a g e  be ing  s h i f t e d  beyond t h e  c o n t r o l  l i m i t s  
due t o  i r r a d i a t i o n ,  o r  t h e  u n i t  f a i l i n g  t o  r e a c q u i r e  l o c k  when t u rned  
o f f  and then  t u rned  on again.  

4. A f t e r  t h e  f i n a l  i r r a d i a t i o n  of  t h e  u n i t ,  i t  was t u rned  o f f  f o r  f i v e  
minutes and then  t u rned  on again.  Retrace was w i t h i n  2 x 10-11 o f  
t h e  frequency p r i o r  t o  t u r n  o f f  (normal performance).  

Subsystems and Components 

5. Samples o f  a l l  m a t e r i a l s  used i n  t h e  o p t i c a l  paths o f  Ef ra tom r u b i d -  
i um frequency s tandard (RFS' s )  were t e s t e d  f o r  r a d i  a t i o n - i  nduced 
changes i n  t h e  o p t i c a l  t ransmiss ion  o f  r ub id i um D l  resonance l i g h t  
( a t  794.8 nm). For s imultaneous neu t ron  f luences and t o t a l  doses up 



t o  2.7 x  1012 n/cm2 and ' ~ 9  k rad  (S i  ) , r e s p e c t i v e l y  (corresponding t o  
%5 x 1012 n/cm2 and %9 k rad(S i  ) t o  a  complete RFS) , no changes i n  
t h e  o p t i c a l  t ransmiss ion  o f  any o f  t h e  m a t e r i a l s  were observed, t o  
w i t h i n  t h e  exper imenta l  u n c e r t a i n t y  o f  a  few t e n t h s  o f  a  percen t .  
Transmission measurements f o r  rub id ium D 2  l i g h t  (780.0 nm) were n o t  
made, bu t  because o f  t h e  c l ose  p r o x i m i t y  o f  t he  D l  and 0 2  spec t ra l  
l i n e s  (%I5 nm sepa ra t i on )  i t  i s  q u i t e  u n l i k e l y  t h a t  D2 t ransmiss ion  
behaves i n  a  d i f f e r e n t  manner than  D l  t ransmiss ion .  Th is  l a t t e r  
conc lus ion  i s  a l s o  supported by measurements o f  t o t a l  l i g h t  i n t e n -  
s i t y  f rom rub id ium lamps ope ra t i ng  i n  t h e  same r a d i a t i o n  env i ron-  
ment (see below).  

6. The exper imenta l  r e s u l t s  f o r  two rub id ium lamps, lamp boards, and 
power supply  boards, a l l  con t i nuous l y  ope ra t i ng  i n  a  nuc lea r  r a d i a -  
t i o n  environment,  can be used t o  s e t  an upper l i m i t  on r a d i a t i o n -  
induced changes i n  t h e  t o t a l  l i g h t  ou tpu t  o f  an Ef ra tom RFS rub id ium 
l i g h t  source. For t h e  h i ghes t  i r r a d i a t i o n  l e v e l  t e s t e d  (6.2 x  1012 
n/cm2 and 9.2 k r a d ( S i )  t o t a l  dose),  t h i s  1  i m i t  amounts t o  severa l  
percen t  and corresponds t o  t h e  exper imenta l  u n c e r t a i n t i e s  i n  t he  
measurements. I n  a d d i t i o n ,  c a l c u l a t i o n s  based on t h e  known behavior  
o f  e l e c t r o n i c  components under i r r a d i a t i o n  make i t  v i r t u a l l y  c e r t a i n  
t h a t  changes i n  l i g h t  i n t e n s i t y  due t o  r ad ia t i on - i nduced  changes i n  
lamp-oven temperature a re  s i g n i f i c a n t l y  l e s s  than  one percen t ,  

7. Rubidium lamps made by Ef ra tom were neu t ron  a c t i v a t e d  t o  determine 
t h e i r  r ub id i um f i l l s  f o r  t h e  GPS program. Dur ing  neu t ron  a c t i v a t i o n  
these lamps rece i ved  a neu t ron  f l uence  i n  excess o f  1015 n/cm2 and 
a gamma dose o f  %7 Mrad. (These r a d i a t i o n  l e v e l s  a re  ' ~ 3 0 0 ~  and $ 6 0 0 ~  
g rea te r ,  r e s p e c t i v e l y ,  than those used i n  ou r  t e s t s .  ) Subsequent 
t o  neu t ron  a c t i v a t i o n  these lamps passed GPS acceptance t e s t i n g  and 
t h e r e  were no i n d i c a t i o n s  t h a t  they  operated i n  any way t h a t  was d i f -  
f e r e n t  f rom t h a t  o f  an u n i r r a d i a t e d  rub id i um lamp. S i x  o f  these 
lamps a re  now i n  GPS s a t e l l i t e s  o r b i t i n g  t h e  ea r th .  O f  these s i x ,  
t h e  one t h a t  has been t u rned  on i s  s t i l l  ope ra t i ng  s a t i s f a c t o r i l y  
a f t e r  two years,  

8. Two d i f f e r e n t  RFS p h o t o c e l l s  were t e s t e d  f o r  degradat ion a f t e r  sim- 
u l taneous exposure t o  neut rons and gamma r a d i a t i o n  j s e e  F ig .  5 ) .  
For t h e  h i ghes t  r a d i a t i o n  l e v e l s  o f  6.2 x lo1* n/cm and 9.2 krad 
( S i ) ,  t h e  dc pho tocur ren ts  dropped t o  approx imate ly  40% o f  t h e i r  
i n i t i a l ,  p r e - i r r a d i a t i o n  va lues (under c o n d i t i o n s  o f  cons tan t  il lum- 
i n a t i o n  w i t h  u n f i l t e r e d  rub id i um l i g h t ) .  

9. The ac pho tocur ren ts  o f  t he  two p h o t o c e l l s  due t o  l i g h t  modulat ion 
a t  127 Hz ( t h e  RFS modu la t ion  f requency)  were a l s o  measured under t he  
same c o n d i t i o n s  and were found t o  degrade somewhat more r a p i d l y  than 
t h e  corresponding dc pho tocur ren ts  (see Table 3 ) .  A t  t h e  h ighes t  
i r r a d i a t i o n  l e v e l ,  t he  ac pho tocur ren ts ,  normal ized t o  t h e  pre-  
i r r a d i a t i o n  values , amounted t o  ~ 7 0 %  o f  t h e  corresponding normal i zed 
dc pho tocur ren ts .  

10. The p h o t o c e l l  shunt  r es i s tances  were a l s o  measured and found t o  be 



a f f e c t e d  by simultaneous neu t ron  and gamma i r r a d i a t i  n  (see F ig .  6 ) ,  
but even a t  t h e  h i ghes t  i r r a d i a t i o n  l e v e l  (6.2 x 1018 n/cm2 and 9.2 
k rad (S i )  t o t a l  dose) t h e  shunt  r es i s tances  o f  bo th  p h o t o c e l l s  were 
i n  excess o f  3 kR. Since t h e  shunt  r e s i s t a n c e  must be 1 kQ o r  
g r e a t e r  f o r  s a t i s f a c t o r y  M-100 ope ra t i on ,  shunt  r e s i s t a n c e  changes 
due t o  i r r a d i a t i o n  a t  up t o  6.2 x  1012 n/cm2 and 9.2 k r a d ( S i )  a r e  
o f  no importance f o r  t h e  M-100. 

11. S t r a i g h t f o r w a r d  e x t r a p o l a t i o n  of  t h e  r e s u l t s  o f  t h i s  paper i n d i c a t e s  
t h a t  t h e  phys ics  package o p t i c a l  components and ho toce l  1  a r e  most B l i k e l y  hard a t  neu t ron  f luences of 1 x 1013 n/cm . The hardness o f  
t h e  e l e c t r o n i c s  a t  t h i s  l e v e l  o f  i r r a d i a t i o n  i s  p r e s e n t l y  unknown 
and r e q u i r e s  a  seperate assessment. 
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TABLE 1 

OPTICAL MATERIALS USED IN RFS COMPONENT IRRADIATION TEST 

S i l i c o n  so l a r  c e l l ,  International  Rec t i f i e r  P hotodetector 

P/N 49-2835, 1.0 O . D .  

S i l icon s o l a r  c e l l ,  Ferranti  MSIlB, 1.0 O.D. Photodetector A 

Used i n  Efratom 

RFS Model ( s )  

Transparent mica window, 0.5 D. X 0.004 t h k  Lamp oven wi ndow A 

b RFS Function Item 

Transparent Mylar window, 0.5 D. X 0.003 t h k  Microwave c a v i t y  window A 
d Corning 7740 glass  tube, 1.0 D. X 0.060 wall Rb resonance cel l  M-100, FRK 

Description a 

S c h o t t  8435 glass tube, 0.875 D.  X 0.065 wall Rb lamp A 

Corning 1720 glass tube, 1.0 D. X 0.070 wall Rb resonance ce l l  M- 1000 

a A1 I dimensions i n  inches. 

Dimensions in RFS may d i f f e r  somewhat from tha t  of i r r ad i a t i on  sample. 
C A denotes a l l  models: M-100, FRK, M-1000. 

Pyrex ( t r ade  name of Corning Glass) .  
e Cells  produced i n  Munich use Schott Duran 50 g lass  which i s  nearly ident ica l  

t o  Corning 7740 glass (Pyrex). 

F o r  samples 53, S4, S5, controls  (designated S3C, S4C, S5C)  were a1 so used f o r  

comparison. The samples were i r r ad ia ted ,  t h e  cont ro l s  were n o t .  
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FIGURE 1. Nominal change i n  transrni t t ance  as a f u n c t i o n  o f  
t o t a l  dose f o r  t w o  glasses. 



FIGURE 2. Effect of combined neutron/gamma radia t ion from a nuclear 
reactor on an operating Efratom M-100 rubidium frequency 
standard. 
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